Abstract-We describe the design, simulation, and measured performance of concentrators designed to couple submillimeter wavelength radiation from free space into highly overmoded, rectangular, WR-10 waveguide. They consist of a combination of a Winston cone (also called a compound parabolic concentrator or CPC) with an adiabatic circular to rectangular transition. They are intended for use as adapters, between instruments using overmoded WR-10 waveguide as input or output and sources propagating through free space. Unlike conventional waveguide-coupled antennas, a geometric optics analysis is more appropriate than a mode-by-mode electromagnetic calculation of impedance and far-field pattern. Six separate designs were studied, with input diameters from 5 to 16 mm, and "throat" diameters (i.e., diameters at the circular interface between cone and transition sections) of 1 to 4 mm. Measurements at 394 m wavelength (760 GHz) using a far-IR waveguide laser beam indicate efficiencies of 40%-55%. The angular response is primarily determined by the Winston cone, and is well predicted by geometric optics theory, i.e., approximately constant out to an angle determined by the ratio of input to throat diameters. The efficiencies are primarily determined by the transition section, and for all concentrators are consistent with an average reflectance of 94% from the gold-plated, electroformed, interior surfaces. For each individual concentrator, efficiency variations with polarization, angular orientation and beamsize are below the measurement uncertainty.
with high, or even accurately known, efficiency, by using the principles of conventional (single-mode) antenna design. Instead, the problem is one of non-imaging concentration, as discussed in the comprehensive text of Welford and Winston [1] . At visible and naer infrared (near-IR) wavelengths, the most important application for non-imaging concentrators is increasing the power density available from solar radiation. An interesting fact, first noted during the early development of visible wavelength concentrators, is that cone receptors in the human retina closely resemble the form of ideal Winston cones [2] , differing only in the reflectance mechanism, total internal reflection versus metallic reflection. At far-infrared (far-IR) and submm wavelengths, Winston cones have been widely used since the mid-1970s [3] in combination with small, non-resonant, detector cavities to improve detector efficiency in astronomical instruments.
The purpose of the present work is to explore a similar approach for coupling signals in free space to existing instruments that employ highly overmoded rectangular waveguide for the input or output. Although in specific cases it might be more logical to redesign such instruments with single-mode waveguide input or output, this is not always practical in terms of mechanical fabrication. Moreover, it sacrifices the versatility of overmoded waveguide (particularly in terms of frequency coverage), which is one of the chief reasons for its use in existing instrumentation. Thus, the devices under discussion may be considered as "adapters" between two widely used transmission media, free space and overmoded waveguide. Current submm instrumentation [4] is somewhat bifurcated, half the field comprising free-space-coupled devices, and half comprising waveguide-coupled devices. There is little capability for comparing and ensuring consistency between the two types of measurement. In this paper we discuss this "adapter" problem in terms of reception, i.e., coupling from free space into an overmoded waveguide-input power meter, but it is to be understood that the same arguments and experiments apply to the transmission case. The usage of the term "overmoded" can be confusing. In waveguide contexts, it denotes operation at a high enough frequency that more than one mode is above cutoff. In free space contexts, it denotes operation at a high enough frequency that the beam throughput (where denotes its area and its angular subtense) exceeds , where is the free space wavelength. A synonym for overmoded is then non-diffraction-limited.
The approach involves combining two parts, a Winston cone with a circular input aperture and circular output or "throat" aperture, and an adiabatic waveguide transition from the circular throat to the rectangular WR-10 output. Initially, a proof of concept experiment was performed, in which available commercial parts for the Winston cone and transition were assembled and tested. Based on those results, six prototypes were then designed and fabricated with the Winston cone and transition sections fully integrated, and covering a range of input and throat diameters. These were simulated in geometric optics and then tested, in both linear polarizations, for both angular patterns (orthogonal 1D cuts through the principal planes) and efficiency. The latter was obtained by direct comparison of readings from two absolute power meters, both optimized for submm wavelengths. The first was free-space coupled and the second was coupled to overmoded WR-10 waveguide, to which the Winston cone adapter was attached. The present work differs from other current work on submm Winston cones [5] primarily by its focus on rectangular waveguide output. This departure from circular symmetry markedly changes the electromagnetic problem. This paper is organized as follows. Section II describes the design and manufacture of the six prototypes investigated, particularly focusing on the geometry of the transition section. Section III describes extensive geometric optics simulations of the prototype designs. Section IV describes the measurement setups and Section V the measurement results; both of these sections are broken into two parts, the first dealing with pattern measurements and the second with efficiency measurements. Section VI discusses the results and their implications for accurate intercomparison of free space and waveguide power measurements. Section VII summarizes our conclusions.
II. PROTOTYPE DESIGN AND MANUFACTURING
The ideal concentrator would couple all power, of any polarization, within a given radius in physical space and angular space, with constant efficiency (ideally 100%) into a collection of propagating modes in the output waveguide. We emphasize that the actual value of the efficiency is less important than that its constancy over a well-defined range of throughput space (position and angle) and a monotonic and sharp transition to zero outside that range. This is the primary difficulty with using (single-mode) horn antennas, whether standard-gain pyramidal horns, conical horns or other types, as concentrators. Such antennas display large variations (nulls and sidelobes) in their far-field angular patterns. As discussed in [1, Sec. 4.5], cones and similar reflective geometries are considerably less ideal than Winston cones in terms of the sharpness of their transition between accepted and rejected regions of throughput space. The constancy of the concentrator efficiency is of greatest practical importance for beams that are approximately circular, centered in the aperture, and converging or diverging, within the limited angular range given by (1) .
The geometry of the Winston cone and transition sections of the prototypes is illustrated in Fig. 1 . The width and height of the rectangular waveguide output, and , are 2.54 and 1.27 mm, respectively, for the WR-10 output used in all six prototypes. Input aperture diameter , throat diameter , and Winston cone length for the six designs are listed in Table I . The conservation of throughput (or etendue) is the governing principle in Winston cone operation. Therefore, the throat diameter is a key determinant of concentrator performance. For four of the prototypes, the throat diameter was 2 mm, implying that the area of the circular throat was well matched to that of the rectangular WR-10 output mm . For one of the prototypes the throat area was considerably greater than that of the WR-10 output, and for one it was considerably less. For the matched designs, the concentration ratio varied from 6.3 to 64.
The Winston cone section was designed according to the standard relations based on the "edge-ray principle" ([1, Sec. 4.2]). These provide the acceptance angle and overall length of the Winston cone according to (1) (2) The acceptance angle listed in Table I is the full-width at halfmaximum . The length of the adiabatic transition section was 25 mm for all designs. This length was (somewhat arbitrarily) chosen equal to that of the commercial transition used in the proof-of-concept experiments. It is also the length used in many commercial interband (e.g., WR1.5 to WR10) waveguide adapters. As indicated in the lower panels of Fig. 1 , some finite-length transition is required for all but the 1 mm throat diameter, to ensure that power incident from the circular throat cannot "see" the sharp edge of the WR10 aperture. The prescription for design of the transition section was different for the three cases of: (a) throat inscribed within WR-10 perimeter, i.e., ; (b) throat intermediate i.e., ; and (c) throat circumscribes WR-10 perimeter, i.e., , as follows. For case (a) (samples 1-5), the interior of the transition section began as a truncated cone whose smaller diameter matched the throat and whose larger diameter matched the waveguide diagonal . Four flat surfaces in the same plane as each of the output waveguide walls were then cut into the cone. For case (b) (samples 2-5 through 2-16), the interior also began as a truncated cone with diameters of and . Two flat surfaces in the same plane as the short walls of the waveguide were then cut into the cone. Two flat but slanted surfaces were also cut into the cone, in the planes defined by the long walls of the waveguide and the corresponding cardinal points on the throat. (The "cardinal points" are at 0 , 90 , 180 , and 270 if the waveguide walls aligned with x and y.) For case (c) (sample 4-16), the interior of the transition began as a right circular cylinder whose diameter matched the throat. Four flat but slanted faces were then cut into the cylinder, each defined by a waveguide wall and the corresponding cardinal point on the throat.
The prototypes were manufactured using a common process for custom millimeter-wave components: machining aluminum mandrels of the interior shape, electroforming copper onto the mandrels, machining the exterior surfaces, chemically etching out the mandrel, and gold plating (nominally to 2.5 m thickness) the final assembly [6] . The output flange, attached prior to the final gold plating, was the "anti-cocking" form of the standard UG387 type [7] . A short section mm of constant WR-10 cross-section extended from the end of the transition to the flange face. A photograph of the fabricated prototypes is shown in Fig. 2 .
III. SIMULATION
The angular response and efficiency for the prototypes was analyzed using a commercial, non-sequential optics simulator Fig. 2 . Photograph of the six prototypes, along with a commercial WR-10 waveguide-coupled power meter used in the performance testing. [8] . 1 This simulator includes the Winston cone as a built-in, optical component geometry, while the transition geometry was entered manually. The simulations were performed only using geometric optics and metallic reflection, with a constant, angleindependent reflectance assumed. Thus, no polarization dependence is included in the simulations. Moreover, this geometric optics approach to the analysis implies that there is a lower frequency limit, below which physical optics effects will significantly alter the results. The precise location of this frequency limit, and the way in which the physical optics effects evolve into the single-mode behavior covering 60-120 GHz (cutoff frequencies of TE10 and higher-order modes respectively) is beyond the scope of this paper. Here, our primary focus is the 300-3000 GHz range, and geometric optics should be a reasonable first approximation.
As discussed in [1, Sec. 4.3] , the angular response of a Winston cone in two dimensions is unity out to the acceptance angle and zero thereafter, while in three dimensions, the transition has a small but finite angular width. The simulated angular responses for the full prototypes (combined Winston cone and transition) are shown in Fig. 3 , assuming 100% reflectance at all interior surfaces. For these simulations, the source beam was a collimated, uniform beam whose diameter was equal to that of the respective concentrator input. Therefore, within the acceptance angle, the efficiency displays a dependence simply due to beam spillover. The simulations in Fig. 3 display the expected 3D behavior, and the 3 dB angular widths closely match those predicted by the 2D design (1) . In other words, the angular response of each concentrator is determined by its Winston cone section alone, as intended. The angular response of concentrator 4-16 shows a much slower cutoff than the others, and its response within the acceptance angle is much less uniform, with roughly 40% the efficiency of the other concentrators. This reflects the fact that its transition section violates the throughput conservation principle, even though its Winston cone obeys it. The lost efficiency represents rays that, after two or more reflections in the transition section, are redirected backwards and eventually emerge from the input aperture. Fig. 4 displays the simulated concentrator efficiency for normal incidence as a function of input beam size. For these simulations, a constant reflectance of 94% was assumed for all interior reflections. This assumed reflectance is essentially a free parameter in the simulations. Simulations were performed for a range of assumed reflectance, and the adopted value was that which produced overall efficiencies for all units that best matched the measured 760 GHz efficiencies, as described in greater detail below. Efficiency in this context is defined as the fraction of the total flux in the incident beam that emerges from the concentrator's WR-10 output. As the input beam size is reduced, three distinct regimes are displayed. When the input beam is larger than the concentrator aperture, the efficiency falls smoothly and montonically due to spillover loss. For input beams somewhat smaller than the concentrator aperture, i.e., the desirable operating range, the efficiency is relatively constant, with a value near 50%. In this regime, the efficiency is determined by reflection loss at the interior surfaces. For yet smaller input beams, approaching the throat size, fluctuations appear in the efficiency, ending in a steep rise to 100% efficiency at normal incidence, or a gradual decline toward zero at off-normal incidence. In this regime, a significant fraction of the input beam passes through the input aperture, the throat and the output aperture, without any reflections at all. This can only occur, of course, for incident angles very close to zero. These "straight-thru" beams are to be avoided if it is desired to operate in a regime where the efficiency is relatively independent of beam size or position. In the intermediate range of beamsize, the optical behavior responsible for the fluctuations in efficiency can be somewhat complicated. Total reflection can occur within the transition section for rays incident in the plane parallel to the short waveguide wall but not in the orthogonal plane. For the uniform intensity, circular profile, input beams simulated, the behaviors in these two planes are averaged together. The total reflection and very high losses occur for rays that arrive at the throat at very large propagation angles. (These rays correspond to waveguide modes that are very close to their cutoff frequencies.) However, the propagation angle at the throat varies dramatically depending on whether one, two, or more reflections have occurred within the Winston cone section. Thresholds exist in beam radius (visible as sharp corners in Fig. 4 ) that separate the regions with these different Winston cone reflection behaviors.
IV. MEASUREMENT
All measurements were performed using an optically pumped far-IR waveguide laser operating on the 760 GHz line of formic acid. At this frequency, there are 59 TE modes and 52 TM modes above cutoff in WR-10 waveguide. The laser output beam was substantially larger than the largest of the concentrator apertures, and stopped down by an adjustable iris placed at an appropriate location for the type of measurement being performed. Laser power was typically 5 mW, and was not actively stabilized. However, as shown in Fig. 5 , a mylar beamsplitter directed a small sample of the laser beam into a focusing mirror and commercial pyroelectric detector in order to monitor laser power drifts. The pyroelectric signal was recorded concurrently with the power measurements, and the latter were corrected for laser drift prior to any other processing.
Signals from the pyroelectric and reference detectors tracked each other linearly over a 20 dB range below the peak, indicating both are linear, within the measurement accuracy, over the much smaller range (1.5 dB maximum) of laser power drifts. Both the pyroelectric and reference detectors were AC-coupled, so The power transmitted through the concentrator was measured on a commercially available, WR-10 coupled, absolute power meter [9] . This power meter is widely used for (singlemode) waveguide power measurements in the 300-1000 GHz range, using adiabatic waveguide transitions to WR-10 [10] . An important point about this power meter is that there exists a 25 mm length of straight WR10 waveguide inside the sensor head. The power meter's calibration is referred to the input flange (i.e., the loss of the internal waveguide is accounted for), but only for signals in the TE10 mode [11] .
A. Angular Response Measurements
The angular response measurements were all 1-dimensional cuts, taken by rotating the assembly of concentrator and power meter head in a horizontal plane, with the center of rotation coincident with the concentrator's entrance aperture. The incident laser beam was horizontally polarized at the iris, but a periscope assembly allowed the polarization to be rotated to vertical at the measurement plane. In addition, the power meter assembly could be rotated 90 about the optical axis, so that the long wall of the waveguide was either horizontal or vertical.
The relatively large distance between the iris and the concentrator input aperture (60 cm for E horizontal, 70 cm for E vertical) implied that, for the smaller iris diameters ( 8 mm) the beam had spread significantly due to diffraction by the time it reached the concentrator. For the angular response measurements, this was no issue because only the shape and width of the angular response were important, not the absolute level.
B. Efficiency Measurements
The efficiency measurements, also illustrated in Fig. 5 , were all deliberately performed at 3 off normal incidence. This greatly reduced fluctuations due to optical feedback into the laser cavity (see Section V-A). They were made by alternately taking measurements on the power meter coupled to the concentrator and on a second, commercially available absolute power meter, designed and optimized for accurate THz measurements in free space. An early version of this free-space power meter was carefully compared at 95 GHz to an established national standard [12] . This commercial power meter is now widely used for quasi-optic THz power measurements. We refer to this power meter as our "reference" instrument, but it bears emphasizing that this does not imply that its measurements are necessarily more reliable or accurate than those of the waveguide-coupled meter. It simply reflects the fact that its design was optimized for free-space operation while the first power meter requires a concentrator of some sort to operate in free space. An important aspect of the reference meter's design is that it must be oriented so that the input beam is incident at or near Brewster's angle for its window (57 ). Given the large size of the window, this implies a relatively large standoff distance from measurement plane to window. For the efficiency measurements, the iris was relocated "downstream", as close to the measurement plane as possible, in order to avoid beam spread due to diffraction. It should be noted that the iris aperture diameter is not controlled to high precision, (we estimate an uncertainty of 0.5 mm,) and is only intended to exhibit trends and to ensure incident beam diameters smaller than the various concentrator apertures.
V. RESULTS

A. Angular Response
For each prototype, in each of its four orientations (long waveguide wall H or V, E-field H or V), scans of the power meter reading, on the 20 mW scale, were made as the power meter and concentrator were rotated in the horizontal plane, about the center of the concentrator input aperture. Readings were taken every 0.25 , with 5 s allowed after each step for the power meter reading to stabilize. Scans were made with the beam diameter set by the iris in Fig. 5 to several values, from underilluminating to significantly overilluminating the concentrator aperture. For each prototype, one set of four scans, in the four orientations, and for a particular iris diameter that overilluminated the concentrator aperture, is shown in Fig. 6 . The 3-dB full width for each of the 4 scans is tabulated in Table II , and the mean over the four orientations displayed for each prototype in Fig. 6 . It is immediately evident that all the angular response curves are notably "flat-topped," especially in comparison with the beam patterns of typical single-mode horns. That is, for orientations well within the acceptance angle, the variation in response with angle is remarkably low, generally less than 1 dB and in some cases significantly less. There is no evidence whatsoever of sidelobes; the response curves fall monotonically into the noise floor (around 25 dB). Importantly, the shape and width of the response curves do not depend on the incident polarization or on the plane of rotation, parallel or normal to the long wall of the waveguide. The variations displayed between the level of the central response for the four scans reflect the differences in laser power during their acquisition. (Although the response within each scan was corrected for laser drift, the four scans displayed for each prototype have not been normalized with respect to each other).
Many of the scans display a localized fluctuation exactly at zero incidence angle. This is due to optical feedback back into the laser from reflections off the concentrator. This is evident from comparison of the angular response curves taken on the same concentrator with different iris diameters (not shown). The scans taken with smaller iris diameters display much lower or no localized fluctuations at zero incidence angle, compared to those taken with larger iris diameters.
B. Efficiency
Turning to efficiency measurements, Fig. 7 (top) and (bottom) displays the received absolute power at near-normal incidence, as a function of the incident beam diameter, on both the reference detector ("TK" datapoints) and the waveguide power meter with concentrator 2-12 ("PM4" datapoints). The ratio of these two absolute power measurements, which we term the efficiency of the concentrator, is displayed on the right-hand axis. As described in [13] , the reference detector was calibrated by electrical substitution. This was done manually, with electrical square-wave signals at the same modulation frequency as the submm source, and the resulting electrical responsivity closely matched the manufacturer's calibration data. The manufacturer's data on window transmittance (81.3% at 760 GHz) was used directly. The uncertainties in Fig. 7 on the reference power are dominated by Type B uncertainties [13] , chiefly in the window transmittance.
As expected, the efficiency shows a smooth and monotonic rolloff for beam sizes greater than the 12 mm diameter entrance aperture (of this particular prototype), simply due to beam spillover. For the measurements made with incident beams smaller than the entrance aperture, the efficiency is substantially constant, with a value slightly above 50%. For the six measurements made with beam diameter 10 mm, the mean efficiency was 51.6% with a standard deviation of 1.9%. The comparable numbers for efficiency measured with incident polarization normal to the long wall of the waveguide are 50.8% with a standard deviation of 2.1% [see Fig. 7 (bottom) ]. Similar plots of absolute received power and efficiency, as a function of beam diameter, have been obtained for the other 5 prototypes as well. In each case, the data for incident beam diameters less than the respective concentrator diameter have been averaged; the results are shown in Table II . 
VI. DISCUSSION
The angular response data shown in Fig. 6 and Table II, (as well as similar data at other iris diameters not shown), clearly indicate that the Winston cone section, not the transition, determines the volume of throughput space that is accepted and transmitted through the output flange. This volume is centered at the origin (broadside angle at the center of the concentrator aperture), and its boundary is given by the concentrator entrance aperture and acceptance angle [see (1) ]. Within this boundary the response is notably uniform or "flat-topped", and the response falls montonically as the boundary is crossed into the rejected region of throughput space. Both of these properties are in notable contrast with the behavior of single-mode horn antennas. The latter typically display sidelobes and have patterns that can be approximated as quadratic near broadside.
The measured 3 dB widths are slightly narrower than predicted by (1) . Comparing the measured FWHM in Table III  with the design values in Table I , we find an average ratio of (measured/design value) of 0.91. Restricting ourselves to the four "nominal" prototypes, (1-5, 2-9, 2-12, and 2-16), this ratio varies from 0.932 to 0.948, with a mean of 0.94. We consider this not surprising because the edge-ray principle, which formed the basis of the design values, implies that rays incident at the exact acceptance angle just mathematically graze the throat perimeter. In fact, at the throat boundary the electromagnetic field must vanish for tangentially oriented fields, i.e., there is an annular "dead region" just inside the throat diameter, some fraction of a wavelength wide, with greatly reduced transmittance. This suppresses the transmittance just inside the (designed) angular limit, yielding a slightly smaller FWHM than designed. We would expect this discrepancy in FWHMs, if it is indeed a physical optics effect, to fall for shorter wavelengths.
The transition section, by contrast, appears to be the dominant determinant of the efficiency, through reflection loss at its walls. Nearly all the simulations, incl. those used to generate Figs. 3 and 4 , indicate that many more reflections take place within the transition section than within the Winston cone section. Exceptions exist; as described in [1] . Skew rays in certain areas of throughput space and rays very near the perimeter of the entrance aperture can undergo a large number of reflections before emerging at the throat. However, our simulations indicate these are exceptions, and that for beams that are not near the boundary of throughput space, reflection loss is concentrated in the transition section. The efficiency, as indicated in Table II , for the most nominal prototypes lies near 50%. As described by Fig. 4 , a mean value of for the surface reflectance must be assumed in order that the simulated efficiencies approximately match the measurements. It should be noted that, although the systematic uncertainty in the efficiency measurement [13] is over 5%, this translates into an uncertainty in the inferred reflectance that is much lower, so the inferred reflectance's difference from 1 (see below) is highly significant. (The efficiency can be heuristically considered to be , where is an effective number of reflections taking place in the concentrator. The value of indicated by the simulations is higher than might be expected, typically ). Such a low value as 0.94 for the (inferred) reflectance is somewhat surprising, at least superficially. Very careful studies [14] , [15] of submm wavelength loss on metallic reflection indicate reflectance above 0.99 for carefully prepared surfaces and above 0.98 even for common, commercial-grade mirror surfaces. Thus, the measured efficiency indicates a reflection loss of perhaps x3 to x6 times larger than expected. The theoretical limit is given by the Hagen-Rubens (HR) expression [14] ( 3) where is the metal's conductivity, the angular frequency, and the permittivity of free space; this implies a value of 0.997 for gold. Two effects discussed in [9] and [10] that reduce the reflectance below the HR value are anomalous skin effect and surface roughness. These suffice to explain the reductions observed in the measurements of [14] , [15] , but do not suffice to explain the reflectance inferred from our measurements. However, the HR limit and the measurements of [9] and [10] relate to plane-wave reflection at normal incidence. The interior surfaces of the transition section in the concentrators present a slightly different scenario, in which three effects may well contribute to increasing the loss to the observed values. These effects are (a) oblique incidence, (b) increased surface roughness due to the manufacturing process, and (c) current distributions more closely resembling single-mode waveguide propagation than plane wave reflection.
The HR limit can be derived from substituting a metallic refractive index expression, , into the Fresnel relation for normal incidence, and expanding to first order in . It is straightforward to verify that at oblique incidence the HR loss increases. However, the increase is not nearly large enough to explain, by itself, the 0.94 reflectance value. For example, at 45 incidence, we find increasing from to , a smooth and modest increase that does not explain a 6% loss with any reasonable distribution of incidence angles.
The loss in waveguides with realistic surface roughness, on the other hand, may provide a plausible explanation for the measured efficiencies in the concentrators. The classic studies of Tischer [16] , [17] compared measured and theoretical losses for single-mode waveguide at mm wavelengths. These may be related to our own simulations by relating the incidence angle in a geometric optics simulation with the amount by which the operating frequency exceeds the cutoff frequency of a particular mode: (4) where , , , and the cutoff frequency occurs when the numerator of (4) equals zero. For modes that are neither close to cutoff nor far above cutoff, say , Tischer's conclusions suggest typical loss values of 75 db/m at 760 GHz, with an increase to 100 db/m due to surface roughness. The above identification suggests a typical incidence angle of 40 and a typical interval between effective reflections of 2 mm, indicating 0.2 dB 5 reflection loss for these typical modes. This is clearly of the correct magnitude to explain the measured efficiencies of our concentrators, as indicated by Fig. 4 . The key insight is that the behavior is not dominated by low-order modes that are far above cutoff (incidence angles close to grazing), nor by the modes that are very close to cutoff (incidence angles close to normal), but by the great majority of modes that are intermediate.
For both angular response measurements and efficiency measurements, no significant difference was observable based on incident beam polarization. As indicated in Table II , this polarization independence was observed at a notably low level, that we estimate as 1 in FWHM and 3% in efficiency. This has obvious implications for performing power measurements on sources of mixed or unknown polarization.
It is evident from both the angular response and efficiency measurements that two of the prototypes, 4-16 and 2-5, are "anomalous". As noted in Section II, prototype 4-16 violates the throughput conservation principle in the sense that throughput within the Winston cone, including at its throat, considerably exceeds the throughput at the WR-10 output: (5) It is, therefore, not surprising that its efficiency falls far below that of the other prototypes (Tables II and III , and Figs. 3 and 4) both in simulation and measurement. Fig. 3 indicates that its angular response is also much less uniform than the others', within its angular acceptance range. Prototype 2-5 has the lowest concentration ratio of all the prototypes, . This implies the widest acceptance angle for any of the prototypes, which is observed. However, we also observe for it the greatest discrepancy (except for 4-16) between measured and designed angular widths, , and the greatest variation in efficiency (again except for 4-16) with incident beam diameter (Fig. 4) . This suggests a gradual breakdown in concentrator performance for extremely low concentration ratios. It is worthwhile to note that prototype 2-16 has the highest concentration ratio of the set, . It shows no unusual behavior in its angular response, but does display a somewhat lower efficiency than the other prototypes (except [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
This study has a significant implication for submm power metrology. It demonstrates that this type of concentrator can indeed be used to compare power measurements in free space to those in overmoded waveguide. The current (artificial) dichotomy between these two approaches therefore can and should be eliminated. In performing such comparisons, the concentrator efficiency would of course be used as a correction factor in the power measurements. The quantitative level to which such comparisons can be made is somewhat ambiguous, but is roughly indicated by the level of efficiency variations seen, either in simulation (Fig. 4) or measurement (Fig. 7) , for incident beams that fall within a "recommended" range. This range consists of beams that are small enough and collimated enough to avoid spillover, but either large enough, or far enough off-axis, to make "straight-thru" rays negligible. To provide numerical estimates, we have used the simulations described in Section III to calculate the mean and standard deviation of the simulated efficiency variations (as plotted in Fig. 4 ) for beams within specified ranges of beam diameter. The results from these simulations are shown in Table III. The measurements  in Table II are consistent with these ranges in efficiency. The fractional level of uncertainty in a power measurement made by using the efficiency as a correction factor is then the ratio of the tabulated standard deviation to the efficiency. For the four prototypes that are not anomalous (as explained above), this fractional uncertainty is a maximum of 13% (for 2-16), and for the best prototype (1-5) it is 4%. By way of comparison, the standard uncertainties (half the expanded uncertainties) for a variety of pyroelectric and thermopile power meters, listed in [13, Table II ] range from 3.6% to 7.3%.
VII. CONCLUSION
We have presented the design, simulation, and measurement of a set of six prototype concentrators intended to convert submm signals between free space and overmoded, WR-10 waveguide. Although the Winston cone designs covered input aperture diameters from 5 to 16 mm and throat diameters from 1 to 4 mm, the length of the transition section was held fixed at 25 mm. In addition, although the concept is inherently very broadband, all measurements were performed at a frequency of 760 GHz. Both of these constitute limitations of the present study, and are natural areas for future work. The transition section was found to be the dominant determinant of efficiency, through reflection loss at its interior walls. Shorter transitions could significantly improve the efficiency levels, which in the present designs are clustered near 50%. This efficiency level corresponds, according to our simulations, to an average reflection loss at the walls of 0.06, in reasonable agreement with the value inferred from arguments regarding single-mode waveguide loss, when the operating frequency is neither very close to, nor very much higher than the cutoff frequency. The Winston cone section was found to determine the acceptance angle and the acceptance area. Within this area and solid angle, the response was highly uniform. The measured acceptance angles were approximately 6% narrower than predicted by the simple 2D design formula of (1), which is based on geometric optics. We attribute this difference to physical optics effects at the Winston cone throat, effects which would gradually lessen at frequencies above the 760 GHz measurement frequency, and would increase at frequencies below it, particularly as the range of WR-10 single-mode operation (60-120 GHz) is approached.
In terms of comparisons between the different prototype designs, we found a large degradation in efficiency and efficiency variation when the throughput conservation principle was violated in the transition section (i.e., when the throat area exceeded the WR-10 waveguide area). Moreover, for concentrators that obey the throughput conservation principle, there appears to be a preferred range of concentration ratio, with the concentrators at the extreme ends of our range (concentrator 2-5 with and concentrator 2-16, with ) showing some degradation, either in efficiency or in efficiency variation with beamsize. The simulated efficiency variations with beamsize given in Table III (and all the measurements are consistent with them) indicate that by using the concentrators (at least the four non-anomalous designs) as adapters, intercomparisons between power measurements made in free-space and overmoded waveguide can be made at uncertainty levels below 10%.
Note Added in Proof: An important instrumental effect that partially contributes to the low (94%) inferred reflectance value has to do with the power meter calibration. It is calibrated for input signals in the TE10 mode, which dominate when the signals are fed by an adiabatic taper from a smaller sized single-mode waveguide. When the input signals are in higher order modes, the loss of the internal 25 mm of waveguide will be somewhat higher, spuriously reducing the power meter's reading and the inferred concentrator efficiency. We have simulated the concentrator combined with an additional 25 mm length of straight waveguide, whose reflectance was assumed equal to that of the concentrator. In these simulations, the inferred reflectance, required in order to match the measured efficiencies of the concentrators, was approximately 96.5%. This is still significantly lower than the mirror reflectance measurements [14] however, so the waveguide and surface roughness effects described above (Section VI) must still be significant. Further measurements are required to completely settle this issue.
